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Abstract. Nitrogen (N) fertilizer plays an important role in
agricultural systems in terms of food yield. However, N ap-
plication rates (NARs) are often overestimated over the rice
(Oryza sativa L.) growing season in the Taihu Lake region
of China. This is largely because negative externalities are
not entirely included when evaluating economically-optimal
nitrogen rate (EONR), such as only individual N losses are
taken into account, or the inventory ﬂows of reactive N have
been limited solely to the farming process when evaluating
environmental and economic effects of N fertilizer. This
study integrates important material and energy ﬂows result-
ing from N use into a rice agricultural inventory that con-
stitutes the hub of the life-cycle assessment (LCA) method.
An economic evaluation is used to determine an environ-
mental and economic NAR for the Taihu Lake region. The
analysis reveals that production and exploitation processes
consume the largest proportion of resources, accounting for
77.2% and 22.3% of total resources, respectively. Regard-
ing environmental impact, global warming creates the high-
est cost with contributions stemming mostly from fertilizer
production and farming processes. Farming process incurs
the biggest environmental impact of the three environmen-
tal impact categories considered, whereas transportation has
a much smaller effect. When taking account of resource
consumption and environmental cost, the marginal beneﬁt of
1kg rice would decrease from 2.4 to only 1.05yuan. Accord-
ingly, our current EONR has been evaluated at 187kgNha−1
for a single rice-growing season. This could enhance prof-
itability, as well as reduce the N losses associated with rice
growing.
Correspondence to: X. Yan
(yanxy@issas.ac.cn)
1 Introduction
Nitrogen (N) fertilizer plays an important role in agricultural
systems in terms of food yield, and both environmental and
economic impact (UN-DSD, 2000). For China, there is a sig-
niﬁcant positive linear correlation between annual food pro-
duction and annual chemical fertilizer-N (CF-N) consump-
tion (Zhu and Chen, 2002). Nevertheless, excessive N fer-
tilization has resulted in serious environmental problems and
economic harm because of atmospheric, soil, and water en-
richment by reactive N (Smith, 2003; Wang et al., 2004; Ju
et al., 2009).
Economically-optimal N rate (EONR) strategies imple-
mented in various agriculture systems have been well-
documented. The aim of the optimization is to maximize
proﬁt and reduce overall N application (Wang et al., 2004;
Zhu, 2006; Liang et al., 2008). It is related to gross revenues
associated with food production and mitigation of possible
N permeation throughout ecosystems (Xia and Yan, 2011b).
Therefore, a comprehensive analysis of N pathways associ-
ated with N use in agriculture systems is desirable to give
more reliable valuations.
The environmental and economic impacts of N losses have
been analyzed in numerous studies. However, these have
largely focused only on speciﬁc effects such as ammonia
volatilization, nitrogen oxide emission, or nitrate leaching
(Bouwman, 1996; Brye et al., 2001; Emissions, 2008; Chen
et al., 2010), but neglecting N permeation at regional scales.
Moreover, inventory ﬂows of reactive N were solely limited
to N losses in the farming process, and neglected other pro-
cesses, such as raw material exploitation, fertilizer produc-
tion, and transportation, these processes consume utilities
which in turn have environmental impacts. To examine and
evaluate the entire environmental burden from the N fertil-
izer connection throughout agricultural production, it is nec-
essary to consider concurrently the whole environmental im-
pact of N losses (Brentrup et al., 2004; Kim and Dale, 2008).
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Life Cycle Assessment (LCA) is a methodology designed
to study just such impacts starting with the acquisition of
raw materials, through to manufacture and use, and ﬁnally
disposal (Payraudeau and van der Werf, 2005). In LCA,
all aspects of such impact are related to one common val-
uation unit and are summarized according to environmental
effects or aggregated into a comprehensive environmental in-
dex. This indexing allows the ranking of different products
or production alternatives according to their overall environ-
mental performance (Kl¨ opffer, 1997). Developed primarily
for industrial products, LCA has in more recent years been
applied increasingly to agricultural production. With the in-
corporation of LCA into the ISO14040, more and more stud-
ies speciﬁcally applying LCA are needed to analyze environ-
mental impacts resulting from human intrusion into ecosys-
tems (ISO, 2006).
In China, the Taihu Lake region is known as a region
where N application is intensive and N enrichment in soils,
waterways and atmosphere has led to serious environmental
problems (Zhu, 2006). To decrease N application rate (NAR)
while maintaining relatively high economic returns as well
as high rice yields, an EONR needs to be obtained. How-
ever, NARs is often overestimated as not all environmental
impacts and processes associated with N use have been iden-
tiﬁed in evaluations from previous studies. For example, Zhu
(2006) recommended an EONR, in which only the efﬁciency
of the fertilizer N and its prime cost were considered. While
the eutrophication cost is further added to the calculation, Lu
and Cheng (2000) could not evaluate other aspects of envi-
ronmental impact, such as global warming and acidiﬁcation
effects of N losses. In a more comprehensive study con-
ducted by Xia and Yan (2011b), the focus was only on the
farming process and did not speciﬁcally address problems
and issues related to LCA within the N use chain. Therefore,
there is a need to evaluate the overall environmental impact
of N permeation from all N use, and provide a more reli-
able NAR during the rice-growing season in the Taihu Lake
region.
In this paper, we introduced an LCA method that in-
tegrates the environmental effects stemming from the en-
tire N cycle pertinent for a rice farming system in China.
Three more important aspects of the environmental impact,
viz. global warming, eutrophication, and acidiﬁcation, were
then synthesized under an economic valuation scheme. By
this means, we derived a more reliable EONR that accounts
for the environmental harm in N-using processes caused in
producing one kilogram of rice.
2 Materials and methods
2.1 Study site
ThestudywasconductedintheTaihuLakeregionintheeast-
ern part of China (30◦50–32◦80 N, 119◦80–121◦550 E). Histor-
ically, this is one of China’s more ancient agricultural regions
with a history of rice-wheat cultivation reaching back sev-
eral thousands of years. Irrigated summer rice (Oryza sativa
L.) has been grown in the region each year from June to
October. Traditional manuring practices have almost been
abandoned in favor of heavy mineral N fertilizer applica-
tions, at doses often above 300kgNha−1 per crop. Current
N fertilizer practices split the application into three periods
each year, namely, a basal fertilizer (40–50%) between 16–
30 June, topdressing at tillering (20%) between 10–21 July,
and topdressing at pinnacle initiation (30–40%) between, 1–
21 August. The intermittent irrigation regime leads to high
N conversion losses and low N uptake efﬁciencies by crops
of 28–41% (Zhu and Wen, 1992). Detailed site information
and N management over the rice-growing season have been
previously described (Guo et al., 2004; Wang et al., 2004;
Xia and Yan, 2011b).
2.2 Life-cycle assessment
The LCA methodology involves four major steps: goals and
scope, life-cycle inventory, LCA, and interpretation (Neme-
cek, 2011; Heller, 2003). These are described separately be-
low.
2.2.1 Goals and scope
The goals identify the purpose, scope and boundaries of the
study, and the functional unit. In this study, the purpose of
the analysis was to quantify and evaluate the impact of dif-
ferent processes of N permeation throughout the whole en-
vironment associated with rice production systems. To en-
able a ranking of the different processes encountered towards
an overall environmental effectiveness, all impact values are
given relative to a common unit, which is gain of 1kg dry
rice (at a water content of 12%). The system boundary is
subdivided into four main unit processes (Fig. 1), which are
described as follows:
1. Energy exploitation: Energy is made ready for use as
fuel or/and raw material in the phases of energy ex-
ploitation, urea production, transportation, and farming
phase. Evaluation parameter of energy exploitation is
the amount of energy consumption (unit: kJ) and pol-
lution emission (unit: g) to the environment for 1kg
energy production, the functional units of which are
kJkg−1 and gkg−1.
2. Fertilizer production: Domestic urea production is
based mainly on coal, which account for about 80 per-
cent of the total raw material and the rest is based on
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Fig. 1. System boundary and sub processes for the N use life-cycle
of a rice farming system.
crude oil (Wang, 2010). Two processes are associated
with fertilizer production, petrochemical manufacture
of ammonia and its subsequent conversion into urea.
The key chemical reactions in urea production are:
N2 + 3H2 ↔2NH3
2NH3 + CO2 ↔H2O + NH2CONH2 (urea)
3. Fertilizer transportation: the process of moving fertil-
izer from manufacturing outlets to farms by motor vehi-
cles.
4. Farming: paddy-ﬁeld farming practices that involve
planting, growing, and harvest.
2.2.2 Life-cycle inventory
A life-cycle inventory involves essentially itemizing and
quantifying all inputs and outputs of the analyzed system
associated with the production of a single 1kg of rice. We
summarized the collected data and present such an inventory
in Table 1.
According to the characteristics of energy production, it
can be divided into two categories. First, all of the energy
is used as a “fuel”, such as coal which is completely com-
busted in power generation process. Second, energy is partly
used as a process fuel, and the remaining part is taken as the
raw materials, such as coal exploitation process. Some coal
is used as fuel in combustion process (producing emissions),
and the remaining part is utilized as a raw material (not pro-
ducing emissions) such as fertilizer production process. The
quantities of energy consumption in energy exploitation and
fertilizer production processes can be obtained from litera-
ture and databases (Table 1).
Since most cities in the Taihu Lake region have their
own manufacturing outlets of chemical fertilizer, the aver-
age transport distance was assumed to be 50km, the average
distance of rural areas to the nearest city. The average energy
consumption in transportation is 5l of gasoline for a vehicle
with a 5t carrying capacity.
The environmental emission of energy consumption relate
to calories is calculated by:
TEMj =
X
(EFfuel,ij + K1EFpro,ij + K2EFraw,ij) (1)
Where K1 and K2 are loss coefﬁcient for exploitation and
raw material phases, respectively; TEMj is the total emis-
sion factor of No. j pollutant, gGJ−1; EF
j
pro,i is the emission
factor of the No. j pollutant in the No. i energy in the ex-
ploitation process, gGJ−1, EFraw,ij is the emission factor of
the No. j pollutant in the No. i energy used as raw material
process, gGJ−1, EFfuel,ij is No. j pollutant direct emission
factor of the No. i fuel combustion, gGJ−1. These emission
factors are available from the literature (Zhang et al., 2009).
The total emission factors relate to 1kg energy consump-
tion (TEFj) and 1kWh electricity could be calculated by the
following equation
TEFj = TEMj ×LHV (2)
where LHV is low caloric value of the fuel, GJkg−1. In-
ternational LHV is 2.27×10−2, 4.27×10−2 GJkg−1, and
3.69×10−3 GJkWh−1 forcoal, crudeoil, andelectricity, re-
spectively (ESSOM, 2008). The calculation results are listed
in Table 2.
In regard to the farming process, the rice production sys-
tem analyzed in this study is an idealized typical system
based on 10 long-established ﬁeld experiments from 1995 to
2008 within the hotspots of the Taihu Lake region. Soils in
this region typically are formed from alluvial loss deposits
and can be classiﬁed as Typic Epiaquept (USDA, 2000).
Climate and management details are almost similar in this
region (Xia and Yan, 2011b). As compiled by Xia and
Yan (2011b), the effects of different N rates on rice yields,
N2O emission, NH3 volatilization, NO−
3 -N and NH+
4 -N lost
through leaching and runoff were considered in the ﬁeld ex-
periments across the region. Based on the collected measure-
ments, the statistical analyses showed that the N rate was a
highly sensitive factor and could be used to model rice yields
and N losses (Xia and Yan, 2011b). As a consequence, the
fertilizer-induced yield gain (Fyield(Nrate), kgha−1) can be
estimated by the following quadratic equation:
Fyield (Nrate) = (−0.032±0.005)N2
rate (3)
+ (16.6±1.8)Nrate(R2 = 0.558,P<0.0001)
The total N2O emission [TEN2O(Nrate)], kgNha−1) was es-
timated by an exponential equation:
TEN2O(Nrate)=(0.31±0.05)exp (4)
[(0.0048±0.0005)Nrate](R2 = 0.56,P <0.0001.)
The average amount of NH3 volatilization (FNH3(Nrate),
kgNha−1) was about 18% of the total chemical N applied,
FNH3(Nrate) = (0.18±0.03)×Nrate (5)
(R2 = 0.54,P <0.0001) .
There was a signiﬁcant exponential relationship between the
N rate and TN masses in leachate (TLTN(Nrate), kgN ha−1)
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Table 1. Inventory data of N use relate to 1kg of rice when 300kg N ha−1 applied.
Input/output Source Per 1kg of rice Reference
Fossil fuel Energy exploitation
Fertilizer production
Transportation
Farming
1.64E–01(kg)
5.87E–01(kg)
9.38E–04(kg)
1.07E–03(kg)
Ao (2006)
Xu et al. (2006)
Zhang and Huang (2007)
Kasmaprapruet et al. (2009)
Electricity Energy exploitation
Fertilizer production
2.50E–02(kWh)
7.40E–02(kWh)
Ao (2006)
Xu et al. (2006)
Water depletion Energy exploitation
Fertilizer production
1.50E–03(m3)
3.94E–03(m3)
Ao (2006)
Xu et al. (2006)
CO2 Energy exploitation
Fertilizer production
Fertilizer production
Transportation
5.97E+01(g)
1.97E+02(g)
1.87E–01(g)
2.14E–01(g)
Ao (2006)
Zhang et al. (2009)
Di et al. (2005); Xu et al. (2006)
Zhang and Huang (2007)
CH4 Energy exploitation
Fertilizer production
Transportation
Farming
4.38E–04(g)
1.46E–03(g)
2.02E–06(g)
7.55E+00(g)
Ao (2006)
Di et al. (2005); Xu et al. (2006)
Zhang and Huang (2007)
Xiong et al. (1999)
N2O Energy exploitation
Fertilizer production
Transportation
Farming
5.79E–04(g)
1.91E–03(g)
1.88E–06(g)
6.34E–01(g)
Zhang et al. (2009)
Zhang et al. (2009)
Zhang and Huang (2007)
Xia and Yan (2011b); IPCC (2006)
NH3 + NH+
4 -N Farming 2.41E+01(g) Xia and Yan (2011b)
NO−
3 -N Farming 8.40E+00(g) Xia and Yan (2011b)
SO2 Energy exploitation
Fertilizer production
Transportation
Farming
3.12E–01(g)
1.02E–00(g)
9.38E–04(g)
1.07E–03(g)
Ao (2006)
Di et al. (2005); Xu et al. (2006)
Liu et al. (2009)
Kasmaprapruet et al. (2009)
NOx Energy exploitation
Fertilizer production
Transportation
Farming
2.04E–01(g)
6.63E–01(g)
5.63E–04(g)
6.42E–04(g)
Ao (2006)
Di et al. (2005); Xu et al. (2006)
Liu et al. (2009)
Kasmaprapruet et al. (2009)
Table 2. Environmental emissions of energy consumption related
to 1kg energy consumption upstream phase.
Environmental
emissions factor∗
SO2 CO2 NOx N2O CH4
Coal (gkg−1) 0.4 89.2 0.4 0.001 0.001
Crude oil(gkg−1) 1.3 234.1 0.7 0.003 0.002
Electricity
(gkWh−1)
5.9 1073.6 4.2 0.01 0.007
* Calculated by multiplying the environmental emission of energy consumption relate
to calories (gGJ−1) (Zhang et al., 2009) by their respective low caloric value of the
fuel (GJkg−1).
and runoff (TRTN(Nrate), kgNha−1) during the rice-growing
season:
TLTN (Nrate)=(1.10±0.21)exp[(0.0038±0.0006)Nrate](6)
(R2 =0.50,P <0.001),
TRTN(Nrate)=(8.29±2.11)exp[(0.0042±0.0009)Nrate] (7)
(R2 =0.51,P <0.001).
Based on the above calculated quantities of NH3 volatiliza-
tion and N leaching and runoff, we estimated indirect N2O
emission (IDN2O, kgNha−1) induced by fertilizer applica-
tion using IPCC methodology (IPCC, 2006).
IDN2O =FNH3 ×EF4+(TLTN+TRTN)×EF5 (8)
EF4 is IPCC emission factor for N2O emissions from at-
mospheric deposition of N on soils and water surfaces (de-
fault as 0.01kgN2O–N (kgNH3–N volatilized)−1), and EF5
is IPCC emission factor for N2O emissions from N leaching
and runoff (default as 0.0075kgN2O–N (kgN leached and
runoff)−1)
In this paper, the above concrete relationship between the
N rates, rice production and N losses are used in assessing
ﬁnal depositions of N fertilizer for a rice production sys-
tem in the Taihu Lake region. As the mean NAR is about
300kgNha−1 for a single rice season (Ju et al., 2009), we
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can derive the inventory data associated with the marginal
rice production and the total marginal quantities for all N
losses in the farming process. The inventory data of 1kg rice
at 300kgNha−1 was then calculated as the marginal quanti-
ties of each type divided by the marginal rice production.
2.2.3 Life-cycle impact assessment
The life-cycle impact assessment involves procedures
whereby environmental impact of each of the inventory en-
tries can be assessed, and the overall environmental perfor-
mance of the product is determined (Charles et al., 2006).
Impact assessment incorporates three stages: classiﬁcation,
characterization and valuation. In the ﬁrst stage, outputs are
classiﬁed according to the type of environmental problem,
i.e. whether this is global warming, eutrophication, or acidi-
ﬁcation effects. Characterization quantiﬁes the relative con-
tribution of each input or output in regard to each environ-
mental problem according to an impact score (Brentrup et
al., 2001) (Table 3). The higher the equivalence factor, the
greater is the contribution of an emission to the respective
effect.
To assist in a comparison of various facets of an environ-
mental impact that have been quantiﬁed initially in hetero-
geneous units, the valuation is performed by weighing these
facets so that an overall value can be obtained for the total
extent of the environmental effects. This is the most con-
tentious stage of the LCA, and the most subjective (Craighill
and Powell, 1995), because it involves trade-offs between
different environmental problems. A relatively new alter-
native, which is described in detail in Moomaw and Birch
(2005) and Xia and Yan (2011b), is to use economic valua-
tion methodologies to value environmental and social costs
and their beneﬁts. In summary, the cost of each type of ma-
terial was determined according to their respective average
market price. According to the cost evaluation of acid rain in
China, the damage cost of 1kgSO2 equivalent in acidiﬁca-
tion is 5.0yuan. The costs of 1kgPO4 equivalent in eutroph-
ication is evaluated as 4.26yuan by sum of external costs of
ﬁshery, tourism and habitation, together with the treatment
cost of water companies for NO3-N and NH+
4 -N removal
in the Taihu Lake Region. The cost of 1kgCO2-equivalent
global warming potential is 0.15yuan, which was deduced
by international market price of CO2 for 2008 (Xia and Yan,
2011b). The external cost of managing one ton of each ma-
terial and the environmental effect are displayed in Table 3.
2.2.4 Interpretation
In the last step of a LCA, results that have been extracted are
used toidentify hot-spotsand the possibilities of reducing the
negative environmental effects of the systems under analysis.
Fig. 2. (a) energy consumption cost, (b) global warming cost,
(c) acidiﬁcation cost, and (d) eutrophication cost of N use life cycle
related to 1kg rice production when 300kgNha−1 applied.
3 Results
3.1 Resource usage
There are great differences in economic importance between
processes and resources usage. As shown in Fig. 2a, the
production process is the largest resource consumer, con-
tributing 77.2% of the resource cost in total, and is fol-
lowed by the exploitation process (22.3%). For these two
processes, fossil fuel consumption contributes 84.9% and
87.4%oftheirrespectiveresourceusageintotal. Whencom-
paring their economic costs to gain 1kg of rice, the fossil
fuel cost is as high as 0.11 and 0.38yuankg−1 rice for the
exploitation process and the N production process, respec-
tively. Electricity is the second costly consumed resource,
equivalent to 0.04yuankg−1 rice for production process and
0.02yuankg−1 rice for exploitation process. Water depletion
is also an important contributor to resource consumption in
material exploitation and N fertilizer production processes,
amount to 0.01yuankg−1 rice for the total process consid-
ered; whereas, it is ignored in the farming process as wa-
ter irrigation is not directly associated with the amount of N
used.
3.2 Environmental impacts
Three impact categories, viz. global warming, acidiﬁcation,
and eutrophication, were considered in terms of equivalent
quantities of the relevant reference substance. Economic val-
uations recast in homogenous units were further used to ag-
gregate inventory results.
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Table 3. Aggregation (classiﬁcation and characterization) of N use life cycle.
Impact category Contributing elements Characterization factors* Cost ** unit
Resource consumption
Raw minerals use 1 1.90 kg
Electricity 1 0.60 kWh
Water consumption 1 2.70 m3
Global warming
CO2 1
0.15 kg CO2 equiv. CH4 25
N2O 310
Acidiﬁcation
NH3, NH+
4 1.88
5.00 kg SO2 equiv. NOx 0.7
SO2 1
Eutrophication
NOx 0.13
4.26 kg PO4- equiv. NO−
3 0.42
NH+
4 , NH3 0.33
* Referenced from Brentrup et al. (2001); ** Referenced from Xia and Yan (2011b)
3.2.1 Global warming
Figure 2b presents a bar graph of the results after weighting.
The ﬁgure indicates that the highest global warming contri-
bution accrues from the fertilizer production process, which
accounts for 58.5% of total global warming costs, followed
successively by farming (23.0%), exploitation (17.9%), and
transportation (0.6%) processes. In regard to impacts of
different global warming gases, CO2 emissions are impor-
tant in all phases. The emission of CO2 provides 95.2%
of the total global warming potential in the production pro-
cess, and the total resulting cost is as high as 0.15yuankg−1
rice. Forthefarmingprocess, N2OandCH4 emissionsareal-
most important global warming gas sources, both cost about
0.02yuankg−1 rice, respectively.
3.2.2 Acidiﬁcation
The emissions of NH3, NOx, and SO2 contribute to acidiﬁ-
cation differently in N-use processes (Fig. 2c). Though NH3
released into the atmosphere neutralizes acid oxidation prod-
ucts of sulphur and nitrogen oxides in precipitation, this will
results in a substantial increase in pH of precipitation. Once
deposited in soil or water, the ammonium compounds may be
oxidized to nitric acid (Schuurkes and Mosello, 1988; Bren-
trup et al., 2001). The majority of acid gas is emitted as
NH3 in the farming process, with smaller amounts of NOx,
and SO2 emission in other processes. Accordingly, its acid-
iﬁcation cost is estimated to be as high as 0.22yuankg−1
rice, contributing 81.7% to the total acidiﬁcation cost. The
production process is the dominant source of NOx and SO2
emission, contributing 14.0% to the total acidiﬁcation cost,
whereas acidiﬁcation is potentially very low in the exploita-
tion and transportation processes (together adding 4.3% of
total acidiﬁcation cost).
3.2.3 Eutrophication
Eutrophication represents the contribution of N or phospho-
rus (P) to river and lakes that can create oxygen-starved
conditions in the bottom strata owing to increased algal
growth. For the rice production system in the Taihu
Lake Region, the farming process contributes greatest to
eutrophication (95.2%), followed by production (3.6%),
exploitation (1.1%), and transportation (0.1%) processes
(Fig.2d). Amongtheenvironmentalimpacts, NH3 volatiliza-
tion and nitrate leaching that occurred in the farming pro-
cess, are the largest eutrophication sources, costing 0.034
and 0.015yuankg−1 rice, respectively. While other pro-
cesses emitted the largest amount NOx emissions, emissions
of NOx contribute least to eutrophication, with a cost of
0.002yuankg−1 rice.
4 Discussion
4.1 Life-cycle impact assessment
We introduced LCA method to evaluate the environmental
impact of N-use in a given rice production system. Previous
common environmental evaluations focused only on individ-
ual effects or N permeation in the farming process (Wang et
al., 2004; Kim and Dale, 2008; Xia and Yan, 2011b). Very
few studies have concurrently considered all environmental
impacts associated with the entire N-use processes. This is
likely due to the lack of an effective evaluation method to
account for the cascade of N ﬂuxes. Outside the industrial
applications, for which it was original designed, LCA is an
evolving quantitative tool that has the potential to be used
in various areas. The central concept of LCA is to com-
bine, with a small number of indicators, pollutant emissions
and resources utilized over a product life-cycle (Burgess and
Brennan, 2001). For this reason, the method is applicable to
rice farming systems. It enables a comprehensive analysis of
all other environmental impacts related to such systems. This
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Fig. 3. Total economic cost of resource usage and environmen-
tal impacts for N use life cycle related to 1kg rice production
(yuankg−1 rice) when 300kgNha−1 applied.
is currently of particular interest because of increasing pub-
lic concern and interest in the environmental impact of food
production (Zhu and Chen, 2002).
The consideration of sub-processes in LCA quantiﬁes the
environmental impacts of each process, which then allows
the identiﬁcation of contentious environmental hot-spots in
the total production system. As illustrated by life-cycle in-
ventories of rice production, resource usage of production
and exploitation processes was a great contribution to the
cost of N application (Fig. 3). As such, reducing N fer-
tilizer and increasing their production efﬁciencies are key
points to decrease resource consumption. With respect to the
environmental impact, the most signiﬁcant pollution impact
happened in the farming process, amount to 0.51yuankg−1
rice for the total environmental costs considered, followed
by fertilizer production (0.18yuankg−1 rice) and raw ma-
terial exploitation (0.06yuankg−1 rice) processes (Fig. 3),
whereas transportation has a much smaller effect. This sug-
gests that we should pay more attention to farming activities
to minimize those environmental burdens throughout the N
cycle. As the mean NAR is about 300kgNha−1 for a single
rice season in the Taihu Lake region, the marginal beneﬁt of
1kg rice would decrease from 2.4 to only 1.05yuan when
resources and environmental costs are subtracted (Fig. 3).
This study has ranked different aspects of environmental
impact through a single unit-based economic evaluation. It is
helpfulforregulatorsandresearcherstoadoptthemosteffec-
tive means of abatement, and accordingly may encourage a
closer look at the environmental impact of industrial agricul-
ture as a whole. Our results showed that global warming con-
tributes the greatest cost, with 0.25yuankg−1 rice in total.
Other studies have also shown that it plays an important role
in corn and soybean cultivation in terms of both economic
and environmental aspects (Landis et al., 2007; Kim and
Dale, 2008). Nevertheless, the impact of global warming has
been ignored in most previous studies that evaluated the en-
vironmental degradation resulting from N application (Yadav
et al., 1997; Lu and Cheng, 2000; Zhu, 2006). This underes-
timated the environmental impact of N use, and accordingly
may lead to the neglect of related measurements. As acid-
iﬁcation and eutrophication result mostly from the farming
process, reducing NH3 emission and NO−
3 runoff/leaching in
farming activities are especially important if decreases in en-
vironmental impact from N use in rice production systems
are desired.
4.2 Implications to economically optimal nitrogen rates
Economic effects of N fertilizer rates on crop production
have been documented by many studies (Lambert et al.,
2006; Zhu, 2006; Hernandez and Mulla, 2008). Due to the
response of rice yields and environmental impacts to NARs,
researchers have been trying to determine regional EONR
to maximize proﬁt (Roelcke et al., 2004; Zhu, 2006). In
contrast to these studies, most began only with a particular
goal or target to improve N-use efﬁciency, ignoring NAR ef-
fects on the environmental impact of rice production Wang
et al. (2004) suggested that sustainable cropping systems (in
terms of total environment cost equal to the prime cost of fer-
tilizer) can be achieved by applying an appropriate NAR, but
detailed guidance was not given. This may bring maximum
returns for farm owners, but not necessarily lead to maxi-
mum net returns that beneﬁt the public, although it requires
the integration of environmental impacts.
Only a few studies have actually considered the environ-
mental impact of N use. Estimations of EONR over a rice-
growing season differed one from another due to different
environmental issues being considered. However, these over-
estimated EONRs as not all aspects of the environmental im-
pact and processes associated with N use had been included
in the evaluation. In the Taihu Lake region, Zhu (2006) only
considered the efﬁciency of the fertilizer N and its prime
cost, and obtained a result of 218kgNha−1 over a rice-
growing season. Including eutrophication costs, the result-
ing EONR was 327.8–371.6kgNha−1 for the entire rice and
wheat-growing season, as obtained by Lu and Cheng (2000).
In a more comprehensive study conducted by Xia and Yan
(2011b), the EONR was 202kgNha−1 for a rice-growing
season if acidiﬁcation, global warming, and eutrophication
costs were calculated altogether. In this study, not only were
the whole environmental costs considered, but also process
costs associated with the entire N chain were evaluated. If
we assume there is a linear relationship between NAR and
its environmental impact, with the exception of the farming
process, our current EONR that yields a maximum public
beneﬁt is estimated to be as low as 187kgNha−1 (Fig. 4),
implying that any further increase in NAR generates no ad-
ditional proﬁt but an environmental burden.
Our method may provide a means to quantify EONR and
maximize economic return over a rice season in the Taihu
Lake region. As admitted by Xing and Zhu (2000), there
is great potential in reducing the current amounts of N ap-
plied in rice production systems of the Taihu Lake region,
but detailed reasons were not given. From the economic per-
spective presented in this study, the N-stimulated rice pro-
duction beneﬁt would decrease from 5150 to 4849yuanha−1
(a 5.84% decrease) if synthetic N fertilizer application rates
decreased from 300kgNha−1 to 187kgNha−1 (38.67% de-
crease). This would lead to an approximate 38.6% decrease
in resource usage and environmental cost during a single
rice-growing season. As a result, the net economic beneﬁt
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Fig. 4. Comparison with EONR and economic beneﬁt for different
evaluation methods, in which Zhu (2006) considered the efﬁciency
of the fertilizer N and its prime cost, Xia and Yan (2011b) included
acidiﬁcation, global warming, and eutrophication costs during rice-
growing season.
was 2798yuanha−1 at a N rate of 187kgNha−1, 920yuan
greater than that at a N rate of 300kgNha−1. This difference
would greatly increase the net beneﬁt to society and dimin-
ish the N burden on soil, water and air resources in the Taihu
Lake region, which has approximately 330000ha of paddy
soil.
4.3 Improvement potentials
For the rice-wheat cropping cycle in the Taihu Lake region,
there are currently no long term experiments conducted to
determine the interaction of decreasing the fertilizer N in-
put in rice season on the following wheat crop and changing
wheat production management on the next rice crop. How-
ever, many relatively short term experiments indicated that
reduction in fertilizer N use in rice does not have any im-
pacts on the following wheat crop. A four-year summer rice
and three-year winter wheat study (1995–1998), conducted
at two sites in the Taihu Lake region, showed that reducing
synthetic N use by roughly 30%–45% from “standard” ap-
plication rate (farmer’s ﬁeld practice, about 300kgNha−1
for rice season and 250kgNha−1 for wheat season) did not
statistically decrease wheat yield, regardless of whether the
reduction of N application rate occurred in the rice or wheat
season (Roelcke et al., 2004). However, Nitrogen balance
surpluses under “reduced” fertilization diminished by about
80% for summer rice and 60% for winter wheat compared
to the “standard” treatment. In a lysimeter experiment with
undisturbed soil proﬁles carried out in a paddy soil under a
rice-wheat system in the same region, reducing synthetic N
use from 300kgNha−1 to 150kgNha−1 in rice crop did not
decrease the following wheat yield signiﬁcantly, but reduced
N losses of NH3 by 68%, runoff by 64%, and leaching by
85% (Wang et al., 2007). By summarizing datasets from
ﬁeld experiments and demonstration trials of rice-wheat be-
tween 1995 and 2008 (Xia and Yan, 2011c, b), we concluded
that decreasing the fertilizer N input from 300kgNha−1 to
our recommendation of 185kgNha−1 in rice season did not
have any impacts on the following wheat crop. The de-
creased application N rate would otherwise greatly reduce
N losses and increase economic beneﬁts for the whole rice-
wheat cropping systems.
There also was much evidence that a good management of
nutrientsin wheatseasoncan improvewheatyield whilehav-
ing less impact on the next rice crop. In the site-speciﬁc N
management (SSNM) system, the N fertilizer rates were ap-
plied by three split doses (the ratio of basal fertilizer: ﬁrst
topdressing: second topdressing was 3:1:1) (Liang et al.,
2008). According to wheat season statistical data from the
Taihu Lake region, the economic N application rate is around
193∼218kgNha−1, which is 10% to 40% lower than the
prevailing N application rate, and nevertheless, would have
less impacts on the next rice yield (Xia and Yan, 2011a,c).
Another possible management was based on knowledge-
based optimum N recommendation (KONR), which could
cut one-third of the current N application rate without loss
of yield (Zhu, 2006; Ju et al., 2009). In a typical study con-
ducted by Wang et al. (2007) in the Taihu Lake region, reduc-
ing N application rate from 250 to 125kgNha−1 did not af-
fect rice yield signiﬁcantly, regardless along with decreasing
N application rate from 300 to 150kgNha−1 in rice season
Roelcke et al. (2004) also addressed a reduction or increase
fertilizer application in wheat crop would not have any sig-
niﬁcant effects on the next rice crop. Although some others
management of nutrients in wheat season, such as interplant-
ing with zero tillage and wheat straw manuring (Wang, 2002;
Liu et al., 2007), may affect the optimal N application rate
and rice yield, these managements are relatively not common
in the Taihu Lake region.
Therefore, there are great potentials to reduce fertilizer
N use without loss of yield for the following wheat or the
next rice crop. However, there are conceptual, institutional,
and socio-economy factors for farmers to over-apply fertil-
izer N. There has been, however, considerable progress ob-
tained in farmer acceptance of optimal N recommendations
in the Taihu Lake region. The most important reason may
arise from the differences in the perception of how a crop
on an individual ﬁeld actually responds to fertilizer (Rajsic
and Weersink, 2008; Xia and Yan, 2011a). Most farmers
generally took the relationship between fertilizer applica-
tion and crop yield for a linear function. Another reason
would be the difference in economics beneﬁt calculation.
The proﬁt-maximizing N rates for farmers are determined by
the crop yield and the prime cost of fertilizer N and they do
not need to consider and pay for environmental problems of
N losses. Recently, with more and more younger farmers
leaving the country side for construction or factory jobs in
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the city after sowing their ﬁelds, they do not have much time
to manage their ﬁeld and apply a larger amount of N to com-
pensate (Chen et al., 2011).
In achieving an optimal N future, increasing public and in-
stitutional awareness of both beneﬁts and threats of N are ur-
gently needed. These could be achieved by government poli-
cies and public participation in the context of the agricultural
N management challenge. Governments can employ several
kinds of strategies, including improved communication and
education, the incentivization of good N management prac-
tice. The International Nitrogen Initiative (INI, 2010) is a
good example of an organization that has made increasing
use of the internet for communication. It aims to increase
awareness of the N challenge and to enhance the integration
of stakeholder expertise and activity. It is hoped that maxi-
mal beneﬁts of human society’s interaction with the global N
cycle could be achieved if ecologically optimum N rates are
adopted.
5 Conclusions
The LCA method was used to evaluate the environmental im-
pact of N application for a typical rice farming system from
raw material exploitation to arable farming processes. We
used economic values to weigh the potential of each impact
category, and a monetary database to derive weights of the
environmental impact categories for a single kilogram of rice
produced. This evaluation revealed environmental hot-spots
in the total production system and allowed for a clear ranking
of different environmental impact factors under a common
economic evaluation scheme. As a result of this strategy,
a sharp decrease in EONR is expected over a single rice-
growing season in China’s Taihu Lake region, attributable
to a more comprehensive inclusion of environmental impact
factors. Although long term experiments are needed to deter-
mine the interactions of N management between the rice and
wheat production seasons, our EONR should enhance farm
proﬁtability and reduce environmental impacts.
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